Background. Large animals treated with immunosuppressive drugs for preclinical experiments of transplantation have increased risks of infection, which can be compounded by the induction of diabetes if islet transplantation is planned. Methods. We report our experience with severe sepsis in two young cynomolgus monkeys and five pigs that were subjected to diabetes induction, immunosuppressive therapy, or islet allotransplantation. Results. In two monkeys and five pigs, infection was associated with a syndrome of profound hypoglycemia accompanied by severe acidosis, which was resistant to treatment. We do not believe that this syndrome has been reported previously by others. Conclusions. Despite treatment, this syndrome complicated the interpretation of blood glucose readings as a measure of islet graft function and resulted in death or the need for euthanasia in all seven animals. We tentatively suggest that the syndrome may be related to the presence of microorganisms that metabolize glucose and produce lactate.
T he encouraging results of clinical islet allotransplantation (1) have stimulated renewed experimental efforts in nonhuman primate and other large animal models of allotransplantation (2, 3) and xenotransplantation (4, 5) .
The immunosuppressive drug regimens used in preclinical studies of transplantation involving large animals increase the risk of infection, as can a state of diabetes. Here, we report our experience with severe sepsis in two young immunosuppressed, diabetic cynomolgus monkeys in a study of islet allotransplantation. The nature of the experiment, which included the establishment of permanent intravascular access by means of indwelling catheters and induction of a diabetic state, may have further increased the infectious risks. Although housed in clean facilities, fecal contamination of the animal cages is inevitable and creates suboptimal hygienic conditions. Sepsis is a well-known complication seen in patients with diabetes (6) and in those receiving immunosuppressive therapy after organ transplantation (7) . Similarly, sepsis is common in immunosuppressed nonhuman primates undergoing transplantation procedures. However, the diagnosis of sepsis in nonhuman primates is more difficult than in humans. Lethargy, withdrawal, and anorexia may suggest sepsis, as might a significant rise in white blood cell count, although this may not occur when intensive immunosuppressive therapy is being administered. A positive blood or tissue culture is usually necessary to confirm the diagnosis and identify the causative microorganism.
Work on transplantation in the Thomas E. Starzl Transplantation Institute of the University of Pittsburgh is supported in part by NIH grants U19 AI090959-01, U01 AI068642, and R21 A1074844, and by sponsored research agreements between the University of Pittsburgh and Revivicor, Inc., Blacksburg, VA. The authors declare no conflicts of interest. 1 In both of the monkeys reported here, infection was associated with a syndrome of intractable profound hypoglycemia accompanied by severe metabolic acidosis. In the discussion of these cases, we include information on five immunosuppressed pigs that also experienced severe hypoglycemic episodes after diabetes induction and islet allotransplantation (8) . Together, we suggest that these cases represent a syndrome that has not been reported in the literature.
RESULTS

Case 1
In this monkey, after the transplantation of alloislets (12,500 IEQ/kg) into the portal vein (Fig. 1) , although blood glucose levels during the first 8 days after transplantation were reduced (mean fasting blood glucose level, 137 mg/dL), consistent normoglycemia was not achieved. Insulin requirements were significantly reduced (from 4.4 to 1.5 IU/day). C-peptide was detectable on day 1 (0.8 ng/mL) but later was barely detectable (G0.1 ng/mL). The monkey remained active, with normal hematological and biochemical parameters. However, it subsequently became profoundly hypoglycemic (blood glucose level, G20 mg/dL) even when no insulin had been administered and required frequent intravenous (IV) boluses or infusions of dextrose. On day 9, hematologic and biochemistry parameters were within reference ranges, but blood analysis revealed metabolic acidosis (pH, 7.26; CO 2 , 31 mm Hg; HCO 3 , 13 mmol/L; base deficit, j13). The cause of the acidosis was uncertain.
On day 10, the monkey became withdrawn, inactive, and anorexic, and blood analysis revealed severe metabolic acidosis (Table 1) . Although the white blood cell count remained normal, a slight thrombocytopenia and anemia had developed. Physical examination revealed hypothermia (rectal temperature, 32-C) but, otherwise, stable vital signs. Empirical antibiotic treatment with enrofloxacin IV and clindamycin IV was initiated after blood was drawn for culture. By day 12, despite the antibiotic regimen; the infusion of warm saline, dextrose, and sodium bicarbonate; and maximum supportive therapy, the monkey remained hypoglycemic, acidotic, and hypothermic (Table 1) . Diarrhea developed, and the clinical status of the monkey deteriorated. Lactobacillus species (gram-positive rods) had grown from the blood culture, and antibiotic treatment was switched to ampicillin IV and metronidazole after operation.
Because of a lack of clinical improvement, the monkey was killed for humane reasons 14 days after transplantation.
Necropsy showed sporadic bilateral hemorrhagic infarction in the lungs. On histology, portions of the lungs appeared atelectatic, and alveoli contained a proteinaceous fluid. In the renal tubules, features of a regenerative epithelium were seen, which suggested recovery from renal injury probably caused by streptozotocin treatment. No growth was observed from lung culture swabs. A blood culture drawn at the time of necropsy grew Klebsiella oxytoca (gram-negative rods). Normal bacterial floras were cultured from the feces. Culture of the indwelling IV catheter remained negative. Histologic examination of the liver showed multiple small viable islets with no cellular infiltration.
Case 2
In this monkey, the induction of diabetes was not followed by any untoward effect, and the monkey seemed quiet but healthy. Thirty-five days after the successful induction of diabetes, immunosuppressive therapy was initiated (Fig. 1) . Two days earlier, there had been no abnormalities in hematologic parameters, except for a white blood cell count of 14.4Â10 9 /L, but biochemical parameters were not tested. Two hours after the infusion of alemtuzumab on the day before the planned islet transplantation, the monkey became acutely dyspneic, anorexic, and hypothermic (rectal temperature, 33-C) and demonstrated decreased alertness and lethargy. Laboratory tests showed profound hypoglycemia, severe acidosis, raised serum creatinine, leucopenia (primarily a lymphopenia), and profound thrombocytopenia ( Table 1) . The biochemical changes were so severe that we suspect that they had been increasing for several days but had gone unnoticed, although this is conjecture. We suggest that the rapid deterioration might have been associated with cytokine release stimulated by the administration of the alemtuzumab, although we have no data to support this conclusion. There were no differences in the selection of the monkey or the administration of the monoclonal antibody from our previous study using alemtuzumab in nondiabetic monkeys (9) , which might have accounted for this change in clinical condition. Insulin treatment (up to then, at a cumulative dosage of 3.83 IU/kg/day) was discontinued, and dextrose and bicarbonate infusions were established. Blood for culture was drawn, and empirical antibiotic treatment with enrofloxacin IV was started. In view of the features of sepsis, islet transplantation was postponed (and, indeed, was never carried out). Despite antibiotic therapy, the monkey's condition deteriorated rapidly, and after consultation with the veterinary staff, for humane reasons, it was killed on the following day. Blood cultures grew gram-negative rods, later classified as K. oxytoca. At necropsy, severe pulmonary edemas with pulmonary alveolar hemorrhages were the main findings. Histologic examination of lung tissue confirmed interstitial edema. In the kidneys, acute thromboemboli in most arteries and necrotic glomeruli and tubules were seen, indicating acute diffuse renal cortical infarction, possibly as a consequence of sepsis or alemtuzumab administration.
DISCUSSION
In this report, we describe the occurrence of severe hypoglycemia and metabolic acidosis associated with sepsis in two young cynomolgus monkeys in which diabetes had been induced 4 to 6 weeks previously, immunosuppressive therapy had been initiated, and islet transplantation had been carried out in one case.
Because both monkeys developed bacterial growth from blood cultures, we conclude that septicemia played an important role in the development of hypoglycemia and acidosis. However, the possible adverse effects of alemtuzumab infusion in Case 2 may have contributed to the clinical condition, although we have not seen this previously in monkeys (n=6) that remained well and noninfected for periods of more than 1 year after receiving alemtuzumab with or without mycophenolate mofetil (9) . Acute alveolar hemorrhage, renal failure, and coagulopathy have all been reported after alemtuzumab treatment in human patients (10Y12). Nevertheless, we suspect that the monkey in Case 2 had developed an infection before administration of alemtuzumab, which had gone unnoticed, but clinical deterioration only became obvious at this time. Early signs of disease or infection may not always be obvious in nonhuman primates (13) . In our previous studies of alemtuzumab, we did not see any infectious complications, but these monkeys were not diabetic (9) .
Although the release of stress hormones during sepsis most commonly leads to a hyperglycemic state, hypoglycemic sepsis has been described (14, 15) and has been shown to be independently associated with death in critically ill patients (14) . Hypoglycemia should be considered a biomarker of disease severity (16) , especially in diabetic patients (17) . The young age and small size (body weight, 1.9 and 1.6 kg, respectivelyVlower body weights than any of our previous studies) of the two monkeys in this report may have contributed to the severe derangements in glucose metabolism, acid-base balance, and body temperature because we have not observed these signs so severely in our broad experience with nonhuman primate transplant recipients weighing more than 2.5 kg. Furthermore, their young age and low body weight might have rendered them more vulnerable to the effects of infection.
In previously reported experiments of islet allotransplantation into the gastric submucosal space of young (G2 months; mean, 13 kg) diabetic pigs immunosuppressed with tacrolimus and mycophenolate mofetil, we observed episodes of profound hypoglycemia in five pigs (8) . The clinical picture seen in these pigs was almost identical to that seen in the two monkeys reported here. Diarrhea was observed in four of the five pigs. In the pigs, with functioning or partially functioning islet grafts, blood glucose levels fell to 25 to 50 mg/dL, resulting in sudden death in two pigs and the need for euthanasia in the remaining three. Blood cultures grew K. oxytoca in one, and Streptococcus viridans and coagulase-negative Staphylococci in another. Blood cultures remained negative in the other three; however, at necropsy, signs of infection, such as colitis, cellulitis, and lobar pneumonia, were present. Although, at the time, we reasoned that infection would have led to hyperglycemia, our more recent experience in the monkeys reported here suggests that sepsis from Klebsiella, Lactobacillus, or possibly other pathogens likely played a role in the development of hypoglycemia.
Importantly, we have not seen this syndrome in numerous other nonhuman primates and pigs that have received identical or similar immunosuppressive regimens but that were not rendered diabetic. We have no suggestions as to how this syndrome can be prevented because the monkeys and pigs were treated similarly to others at our facility, which did not develop hypoglycemia and acidosis. We suggest that the nature of the infecting organism may be key in the development of the syndrome.
Our group has considerable experience with induction of diabetes by streptozotocin (in the form of Zanosar; Sicor Pharmaceuticals, Irvine, CA) in monkeys (18Y20). Although renal injury has been documented on two occasions, the agent has otherwise not been associated with significant complication. In Case 1 of the present report, however, histopathologic examination of the kidneys suggested that some renal injury may have occurred, which may have enhanced the risk of, or reduced the response to, sepsis.
The combination of diabetes and immunosuppressive therapy therefore seems to be important in the development of the syndrome, most likely contributing to an infection with a specific microorganism (or microorganisms). Nonhuman primates would seem to be much less susceptible to this (potential) infecting agent in the absence of either of these two contributory factors. We have not seen this syndrome in nonhuman primates that have been immunosuppressed but not diabetic. Nevertheless, it seems possible that hypoglycemia could develop in the presence of a positive infection and immunosuppressive therapy if the causative microorganisms were lactobacilli (or similar), which metabolize glucose.
Our vigorous efforts to maintain a state of normoglycemia (by IV dextrose infusion) and correct the acidosis (by IV sodium bicarbonate infusion) were unexpectedly proven inadequate, attesting to the aggressive and progressive nature of the biochemical changes taking place. Whether alternative antibiotic therapy, lymphocyte-depleted whole blood transfusion (to correct anemia), and other measures would have proved successful remains speculative, but in our opinion, it seems unlikely.
Lactobacillus species are gram-positive rods that colonize the gastrointestinal and genitourinary tracts and are considered normal human floras (21) . Although rarely seen, Lactobacillus infections are opportunistic infections associated particularly with the use of immunosuppressive drugs after transplantation (22) , in human immunodeficiency virus infection (23) , with the use of probiotics (24), or with the long-term use of indwelling intravascular catheters (25) . To our knowledge, Lactobacillus infection in nonhuman primates after organ or cell transplantation has not been reported previously. Lactobacilli are (facultative) anaerobic bacteria and have a high saccharoclastic activity, that is, they ferment glucose with at least one half of the end-product carbon being lactate, which is not further fermented (26) . The fermentation of glucose into lactate may have contributed to the treatment-resistant hypoglycemia and metabolic acidosis observed in our Case 1. Furthermore, although not positively cultured, we cannot exclude the possibility that Lactobacilli were playing a role in Case 2.
K. oxytoca, which was cultured from the blood of both the monkeys reported here and in one of the pigs reported previously (8) , is among the gram-negative rods that can colonize the gastrointestinal tract (27) . The extent of colonization increases markedly during hospitalization, and it is a cause of infection mainly in patients who are immunocompromised or suffering from a debilitating disease, such as diabetes (27) . Unlike Lactobacilli, Klebsiella does not ferment glucose into lactate but may possibly have contributed to hypoglycemia and metabolic acidosis through a different mechanism, such as endotoxemia.
Because of the ability of Lactobacilli to ferment glucose and produce lactate, we suspect that this microorganism may be playing a role in this syndrome. However, the variety of floras cultured in the blood of the monkeys and pigs that developed hypoglycemia and acidosis suggests that perhaps the syndrome can be associated with other infectious agents. Our microbiologic data are admittedly limited, and any conclusions drawn must be provisional and cautious.
Other potential factors in the development of the syndrome that might be considered are the absence of the inhibitory effect of insulin on proinflammatory cytokines (28Y30). Partial restraint of the monkey in the jacket and tether system, which may possibly be associated with some stress, seems an unlikely factor because we have used this system for many years without seeing this complication (20, 31Y33); furthermore, the pigs that developed the same clinical features were not restrained in any way.
In summary, we have observed a syndrome in which young, diabetic, immunosuppressed monkeys and pigs develop profound hypoglycemia and severe metabolic acidosis, which, in several cases, was associated with documented sepsis. We suggest that the syndrome might be related to the presence of microorganisms that metabolize glucose and produce lactate. Although the immunosuppressive state almost certainly increases the susceptibility of the animal to an infectious complication, we have not seen this syndrome in nondiabetic immunosuppressed nonhuman primates and pigs. Despite treatment, this intractable syndrome complicated the interpretation of blood glucose readings as a measure of islet graft function and resulted in death or the need for euthanasia in all animals in which it occurred.
MATERIALS AND METHODS
All animal care procedures were in accordance with the Guide for the Care and Use of Laboratory Animals prepared by the Institute of Laboratory Animal Resources and published by the National Institutes of Health (NIH publication no. 86-23, revised 1985) and were approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
Case 1
A 22-month-old (1.9-kg) Indonesian cynomolgus monkey (Macaca fascicularis) underwent placement of an indwelling central venous catheter through the internal jugular vein and diabetes induction with streptozotocin (Zanosar; 150 mg/kg) (Fig. 1) . (This dosage has been used by our group with safety in most cases [20] and also by others [34] .) Diabetes was confirmed by the absence of C-peptide responses on IV glucose tolerance and arginine stimulation tests. Insulin therapy was begun to maintain blood glucose levels at less than 200 mg/dL.
Profound lymphopenia (CD3 + T cells, G15 cells/mm 3 ) was induced by alemtuzumab (Campath-1H; Genzyme, Cambridge, MA) at a dose of 20 mg/kg on the day before transplantation (i.e., day 1) (1). Pretreatment was performed IV with 5-mg/kg diphenhydramine and 0.5-mg/kg metoclopramide. Alemtuzumab administration (10 mg/kg) was repeated 6 days after transplantation to maintain low T-cell counts (CD3 + T cells, G15 cells/mm 3 , after the second infusion) (1).
On day 0, allogeneic islets were infused into the portal vein through a mini-laparotomy under heparin anticoagulation and antiYtumor necrosis factor-> antiinflammatory treatment with etanercept (Enbrel; Amgen, Thousand Oaks, CA), and a 48-h cefazolin antibiotic prophylaxis was initiated. Maintenance immunosuppression consisted of 0.5-mg/kg rapamycin (aiming for, and achieving, plasma trough levels of 5Y15 ng/mL). There was definite evidence of islet graft function, with a reduction in mean blood glucose level and insulin requirements; C-peptide was detectable on day 1, but later, it was barely detectable.
Case 2
This 36-month-old (1.6-kg) Indonesian cynomolgus monkey was included in the same research protocol, including placement of an indwelling intravascular catheter and induction of diabetes with streptozotocin. Thirty-five days after induction and confirmation of diabetes, 20-mg/kg alemtuzumab was infused after pretreatment as in Case 1.
